SYNOPSIS
A numerical method will be presented for the computation of the behaviour of a molten thermoplastic material during the filling of a narrow cavity. The viscosity of the molten polymer is temperature, pressure and shear rate dependent. Effects such as convection, conduction and viscous heating as well as solidification at the cooled walls will be taken into account. ' iNTRODUCTION AND STATEMENT OF THE PROBLEM Injection moulding is a widely used process for the manufacturing of small or thin walled products. The raw granulated material is melted and homogenized in a reciprocating screw extruder. As soon as the material is sufficiently deformable it is injected into the mould at high speed. Thermoplastic materials are poor heat conductors. To keep the cycle time short, the walls of the cavity have to be cooled far below the glass transition temperature. The temperature distribution development in the flowing melt is rather complex. In the middle of the flow domain heat is transported mainly by convection. Close to the walls heat flow by conduction dominates. Because of the high viscosity ~ and shear rate y, viscous heating will be important. During solidification at the walls the transition heat has to be removed by conduction through the solidified layer. In this paper we confine ourselves to the analysis of the non-isothermal flow of an incompressible generalized Newtonian liquid in a narrow cavity with a viscosity function of the Carreau type, depending on temperature T, pressure p and shear rate y (ref. 1): 11 (1) where A 1 ,~,B 1 ,B 2 ,p 0 and n are constants. We only regard amorphous polymers with a glass transition temperature Tm and a constant density o in both the solid and liquid phase.
The geometry of the cavity can be composed of a series connection of rather simple flow elements describing plane, radial and conical flow (Fig. 1) . We assume that the channel is symmetric with respect to the local coordinate z=O. Essential is that the height is much smaller then the length of the cavity. The leading terms of the equations governing the problem become (ref. • -avx 'Y -az momentum equations (2) energy equation in fluid (3) energy equation in solid (4) with t the material derivative of the temperature. The continuity equation v.v=O l will be discussed later. These equations are subjected to the following boundary conditions. At the flow front the atmospheric pressure is prescribed. At z=O we have the symmetry conditions. At the gate (x=O) the injection temperature Ti and either the volume flux or the pressure are prescribed. At z=±h(x), i.e. at the walls, the transport of heat depends on the temperature gradient in the wall. i l 
The subscripts s, wand c refer to solid, wall and·coolant, respectively. His the heat transfer coefficient. In most cases H is very large, so Tw~ Tc. At the solid-liquid interfaces z=±d(x), the glass transition temperature and the noslip condition are imposed. The velocity (vx,vz) at which the solid-liquid interface penetrates the flowing material, depends on the temperature gradients in the liquid and solid phase according to (ref. (6) (7) (8) where Q is the total volume flux and L the length of the flow front. The vis-* cosity 11 depends on the temperature and the shear rate, and therefore these relations have to be solved iteratively. 2 
NUMERICAL APPROXIMATION
The mould is filled in a number of time steps. After each time step the position of the flow front is calculated and a new grid line is added there. All the other grid lines remain fixed. Suppose that at a certain time all equations and boundary conditions are satisfied. After a time step the whole domain is calculated line by line starting with the first line at the gate, using the following iterative computational scheme. 1)The equation governing the velocity of the solid-liquid interface. The velocity of this interface can be calculated with two different methods. One method uses the present position and the position at the previous time (backward difference), the other utilizes eq. 6 in an implicit manner using the present temperature distribution. The difference of these two velocities has to converge to zero during the iteration process. 2)The continuity equation. On the first grid line we define a number of grid points. On this line it is rather easy to calculate the velocity profile because the temperature is.constant (Til. When the velocity distribution has been approximated on any other grid line, we arrange the grid points on that line in such a way that the flux through two adjacent grid points equals the flux through the two corresponding points on the first grid line. After convergence the continuity equation will be satisfied automatically.
3)The energy equation. The temperature equations are solved by a finite difference technique. The material derivative of the temperature can be approximated in two ways. It is possible to.compute the track of a particle with its temperature history and give a direct approximation of t .by a backward difference. Also a combination of the spatial time derivative ~by a aT backward difference and an implicit approximation of the convection term vs as (sis the coordinate along a streamline), can be used. The conduction term (central differences) and the viscous heating term will be approximated implicitly. Together with the boundary conditions this scheme leads to a tridiagonal matrix equation. In the solidified layer the problem is analog (without convection and viscous heating). After solution of the equations we have a new approximation of the temperatures at the grid points.
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4)The momentum equation. After computation of the viscosity distribution ~ · from the approximated temperatures and velocity gradients, the integrals of eqs. 7 and 8 can be solved numerically. From the results we obtain the pressure drop and the velocity profile. The iteration loop consisting of the four steps listed, will be terminated as soon as convergence has been reached.
At the flow front this scheme has to be adapted with respect to the calculations of the temperature and solidified layer, because of the twodimensional character of the flow (fountain effe?t, ref. 4) . At the centre the temperature distribution is convected from the upstream. The thickness of the solidified layer and the temperature distribution therein will be calculated by 1 the penetration theory with an initial temperature difference equal to the core temperature minus the wall temperature. These two temperature distributions are matched in a suitable way.
After the computations of the velocities and temperatures on all the grid points according to the iteration scheme above, it is possible to calculate thi I pressure distribution along the axis of the channel by integration of the pressure drop with respect to the x-direction. When the maximum machine pressure is exceeded, another iteration procedure will be started which adapts the volume flux Q until the calculated pressure at the gate equals the maximum pressure.
RESULTS
As a numerical experiment we have filled the cavity of Fig. 1 The interest in the former is driven by increasingly stringent health and environmental regulations as well as by the desire to improve properties by removing low molecular weight components; whereas, the interest in the latter stems from the realization that new property demands can no longer be economically met by chemically new polymers, but they can be frequently met by compounding, blending, alloying, foaming, reinforcing and reaction. Not only do these primarily mixing operations meet the new demands, but they also provide the best route for commercial competitiveness.
MIXING PROCESSES
Mixing is an ancient human activity, arid consequently we have developed a great deal of intuition into its nature. Yet mixing processes of pol,:Ymers are so varied (2) and demanding that they can tax the best designers.' They include mixing of solids into a viscous liquid matrix, mixing of two viscoelastic. melts which may be rheologically homogeneous or nonhomogeneous as well as thermodynamically compatible or non compatible, mixing of low viscosity liquids into high viscosity melts, and finally mixing of gases into viscous polymeric melts. All these operations are designed to ensure that the very many chemical components of a commercial polymer are sufficiently comingled.
The additives convert a pure polymer into a useful one. Such mixing operations are generally called 'compounding,' which is a somewhat loosely defined term denoting in addition to mixing also a melting some-times devolatilizing as well as pelletizing.
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The mixing process are not only varied in nature but highly constrained by the sensi ti vi ty of polymers to high temperature, oxidation and shearing.
.Thus, the desire for a thorough mixing must always be tempered by the need for the gentle handling of the polymer, and therefore, temperature, time and shear histories must be closely controlled. Yet in spite of all precaution the proper-ties of polymer do change each time they go through a processing machine.
A crude measure of this change is the Melt Index shift, which is always followed up by a battery of physical and mechanical property tests.
Mixing processes of polymers can be divided into two categories The quantitative analysis of the mixing processes must deal with the characterization of the mixture and that of .the mixing process. Mixture characterization was reviewed elsewhere (1,7) and will not be discussed here.
The quantitative analysis of the mixing processes involves the mathematical modeling and formulation of the associated physical mechanisms, and that of the processing machines. Certain aspects of these for both laminar and dispersive mixing will be discussed, subsequent to a brief review of mixing machinery. . . ..
. . If optimal orientation of ~5° to the direction of shear is maintained at all times,_ that is the deformation becomes pure shear or planar extension, the inter-facial area will increase exponentially with deformation ( 1, 15).
The first attempt to deal with a realistic mixer is McKelvey's (16) derivation of an average shear strain in single screw extruders, modified by
Tadmor et al. (17) , who also defined a strain distribution function f(Y)dY, derived it for the screw extruder (1) and suggested the mean strain as a quantitative measure of continuous mixers. However, if significant reorientation occurs along the mixer, the total strain by itself cannot be a useful measure ·of mixing anymore, and the exact flow path has to be followed (12, 13) . But, calculating mixing performance from basic principles is limited to relatively simple configurations such as helical annular mixer, certain motionless mixers and constant depth single screw mixer with numerous approximations. The computational effort for real mixers is enormous and experimental techniques using tracer studies (7) are being applied to elucidate laminar mixing mechanism. Such techniques wer.e used very effectively by Erwin et al in studying single screw, twin screw and motionless mixers as well as by David (18) for studying laminar mixing in co-rotating disk processor. The complexity of the flow pattern induced in real mixers, reflects the necessity to randomize orientation and to distribute composition and interfacial area elements throughout the volume.
~.2 RHEOLOGICALLY NON-HOMOGENEOUS LIQUIDS
In mixing rheologically nonhomogeneous systems, viscosity ratio, elasticity and surface tension are of interest. Mixing is no longer measured just by interfacial area and its distribution throughout the volume, but also by the morphology of the blend. Van Oene (19) reviewed many of the phenomena associated with both dispersed and stratified flows of two liquids. It is generally asserted that it is more difficult to mix a low viscosity liquid into high viscosity one, than the other way around. Simple layered analysis, (1, 20) shows that the more viscous the liquid the less will it tend to deform.
But, such analysis is oversimpli-fied. For example, the low viscosity liquid tends to encapsulate the other liquid (19), and the interface between two viscoelastic liquids will be distorted in complex<ways (21 ) . Big and Middleman (22) invest1gated the effect of viscosity ratio <on interface evolution in cross channel drag flow, and though it appears that equal viscosity are to be preferred results cannot be generalized. Arimond and Erwin (23) properties, depends to a great extent on the mixing process (25) . Van Oene (5) derived a thermodynamic criterion based on the primary normal stress function of the components and the interfacial tension, to predict the basic morphology of the blend, that is which will be the dispersed phase and which will be the continuous one. However, much further work is neded in this important area of mixing, both in analyzing realistic systems as well as devising design criteria for mixer design.
DISPERSIVE MIXING

Dispersive Mechanisms
Dispersive mixing is perhaps the most demanding type of mixing. The mixing of carbon black into rubber is a prime example, and the most carefy1ly i/ investigated one. Carbon black aggregate of a typical size of 150 nm, cluster into large agglomerates of sizes up to 100,000 nm. They are held together by
Van-der-Waals forces, and the objective of dispersive mixng is to rupture the agglomerate into its constituents, and distribute them throughout he volume.
Rumpf (26) modelled a randomly packed cohesive agglomerate and derived an expression for the tensile strength a, a (3) where E is the porosity, d is the diameter of the particles forming the Additional detailed experimental and theoretical work is needed to critically test the validity of the various models, to account for the many non-Newtonian phenomena that may exist, and to account for particle-particle interactions including possible reagglomeration. Some of these effects are discussed by Manas-Zloczower et al (27,34).
Pass Distribution Functions
A basic characteristic of dispersive mixing is that the material 377 experiences repeated passes over high shear zones in narrow gaps. In order to reduce agglomerates to acceptable sizes (e.g. a typical criterion is 99% below 9)1), virtually all agglomerates must experience a sufficient number of passes.
In between pases the material is transported to other regions of the mixer where, by and large; extensive mixing and a randomization of composition takes place. Hence different material elements experience different number of passes, and passes over_ the high shear zones are bests characterized by a function that accounts for this effect termed as the Pass Distribution Functions (PDF). Thus, for a batch mixer gk is defined as the fraction of material volume that experienced mean number of passes is k passes over the high shear zones. The
The volume fraction of material that experienced k passes or less, is of passes k is (9) The volume fraction of exiting flow rate that .experienced k passes is 
where t is the mixing time, and t V/q is the mean residence time in the well mixed region.
The mean number of passes, from eq. 14, is simply k t/t. 
